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1 Executive	  summary	  
 
Key Objectives and Scope  
Offshore wind power is expected to make a significant contribution towards de-carbonising 
the European energy system. It is envisaged that today’s installed capacity levels of about 5 
GW of offshore wind generation may reach 150GW by 2030, with approximately half of this 
capacity located in the North Seas. Given Europe’s goal of increased integration of the power 
markets by expanding cross-border interconnectors, there is a significant opportunity to 
integrate offshore wind generation and interconnector projects in the North Seas in order to 
take advantage of potentially significant economies of scale and thus reduce network costs.  
In this context, the key objectives of this study are:  
1) To quantify the benefits of adopting a strategic versus incremental approach to 
connecting offshore wind generation in the North Seas, across 4 different offshore 
wind generation deployment scenarios and varying levels of EU market integration. 
This is important particularly in the context of significant uncertainties associated 
with the future offshore wind generation deployment scenarios, but also in terms of 
the development of policy and market frameworks for offshore grid development. 
Specifically, this study quantifies the benefits of coordination both within offshore 
clusters (a ‘Hub’ approach) and also across offshore clusters, through integrating 
offshore network and interconnection development.  
2) To assess the benefits of proactive network investment decisions, similar to the 
concept of integrated resource planning (IRP) whereby a central planning function 
can also prescribe the location of new offshore wind-farms.  
3) To assess the importance of adopting a min-max regret planning approach to inform 
the development of offshore grid network under uncertainty. The risk of over-
investment can be managed by designing the grid on the basis of minimising the 
maximum regret that can emerge given a range of potential future scenarios. This so-
called ‘min-max’ approach effectively retains the option of pursuing a wide range of 
future offshore wind deployment scenarios at least additional cost to consumers.   
4) To explore the significance of the interaction between offshore grid and 
interconnection among North Sea countries and assess the benefits of offshore grid 
taking the role of interconnection.  
In the context of the project goals, the study examined the benefits of different policy 
approaches associated with different levels of coordination and EU market integration, as 
summarised in Table 1. These policy approaches range from a radial incremental approach, to 
more strategic approaches to integrating offshore wind generation and increasing levels of 
market integration, ranging from limited (energy neutral and self-secure) to a fully integrated 
EU electricity market. 
 
Approach  Key Characteristics  
Radial 
− Incremental connection of offshore wind projects to shore. 
− Offshore-to-offshore connections not considered. 
− Member states are net energy neutral and self secure. 
Hub − Strategic connection of offshore wind clusters to shore. 
 5 
 
− Offshore-to-offshore connections not considered. 
− Member states are net energy neutral and self secure. 
Integrated Energy Neutral − Offshore-to-offshore connections considered. 
− Member states are net energy neutral and self secure. 
Fully Integrated 
− Offshore-to-offshore connections considered. 
− Unconstrained cross-border electricity trade. 
− EU wide security. 
Fully Integrated Proactive 
− Offshore-to-offshore connections considered. 
− Co-optimization of network and generation investment. 
− Unconstrained cross-border electricity trade. 
− EU wide security. 
Table 1: Range of policy approaches and their key characteristics. 
As the ‘Radial’ approach most closely resembles today’s connection practices, it is chosen as 
the counterfactual and costs associated with other policy choices are presented in relation to 
this approach1.  
Modelling approach  
We have applied Imperial’s advanced Dynamic Transmission Investment Model (DTIM2) 
that has been enhanced to facilitate optimal transmission network investment decision-
making process under different levels of coordination in integrating offshore wind generation 
and different levels of EU market integration. Furthermore, the capability of dealing with 
uncertainty in future generation deployment has been included in the model. Within a holistic 
optimisation process, DTIM balances costs of multiple transmission investment propositions 
against the associated costs of system operation such as cost of constraints/congestion, cost of 
wind curtailment, cost of network losses, and reliability across multi-year time horizons. 
DTIM explicitly optimises offshore grid topology and for this purpose we have identified a 
large number of candidate corridors to be potentially constructed and have used advanced 
optimisation techniques to identify network sections that should be built. All network asset 
investments are structured on the basis of fixed and variable costs, enabling the model to 
explicitly consider effects of economies of scale and hence to more accurately capture the 
fundamental differences between incremental and strategic network investment philosophies. 
Uncertainty in offshore generation deployment in terms of time, location and amount is 
considered explicitly in this study. This is an important contribution given that all existing 
North Seas Grid studies have been based on deterministic analysis frameworks and have not 
explicitly considered the time dimension associated with offshore wind deployment 
decisions. 
                                                      
1	  Consideration	  of	  the	  extreme	  case	  of	  “energy	  neutrality”	  in	  the	  counterfactual	  (member	  state	  centric	  rather	  
then	  EU	  wide	  energy	  system	  development)	  is	  used	  to	  assess	  the	  benefits	  of	  full	  integration	  of	  the	  EU	  electricity	  
market.	   Thus	   it	   is	   something	   of	   a	   caricature,	   in	   that	   countries	   are	   not	   exactly	   self-­‐sufficient,	   but	   deviations	  
from	  energy	  neutrality	  are	  relatively	  small	  and	  recent	  analysis	  conducted	  by	  the	  EU	  commission	  demonstrates	  
that	   although	   the	   market	   coupling	   is	   enhancing	   the	   energy	   exchange	   between	   North	   Sea	   member	   states,	  
larger	   countries	   are	   still	   broadly	   energy	   neutral.	   In	   other	   words,	   the	   total	   energy	   imports	   /	   exports	   are	  
relatively	  small	  as	  a	  proportion	  of	  the	  total	  energy	  consumption.	  	  
2	   In	   its	  basic	   form,	  DTIM	  has	  been	  used	  to	  support	   the	  Transmission	  Access	  Review	  (TAR),	   the	  Fundamental	  
Review	  of	  the	  transmission	  network	  Supply	  Quality	  and	  Security	  Standards	  (SQSS)	  and	  has	  also	  been	  used	  by	  
National	   Grid	   to	   validate	   the	   proposed	   transmission	   investment	   projects	   by	   the	   Energy	   Network	   Strategy	  
Group,	  and	  recently	  in	  our	  analysis	  of	  the	  Ofgem	  project	  TransmiT.	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The study considered 4 offshore wind development scenarios covering the period from 2015 
to 2040. We have adopted a scenario tree approach, where a consistent set of possible future 
developments is compiled and analysed to identify optimal investment commitments that 
would lead to optimal performance across all envisaged futures. The amount of offshore wind 
generation across the different scenarios and time scales considered in this study is presented 
in Table 2 below.  
 Today 2020 2025 2030 2035 2040 
Scenario 1 5 25 88 150 175 204 
Scenario 2 5 20 53 86 119 150 
Scenario 3 5 15 36 57 79 100 
Scenario 4 5 9 20 30 40 50 
Table 2: Total offshore wind generation deployment (GW) in the North Sea under different 
scenarios.   
Key findings  
From Figure 1, we observe that in the case of large-scale deployment of offshore generation 
resources, coordination through offshore hubs could deliver significant economic benefits 
when compared to incremental point-to-point connections. As expected, benefits will depend 
on the scenario, i.e. the amount of offshore wind generation deployed. For large penetration 
of offshore wind, savings in network investment from coordinating connection of offshore 
wind clusters are about €40bn, while for small-scale deployment, benefits are about €8bn. 
This is significant given that the total asset value of the present onshore, offshore and 
interconnection infrastructure associated with the regions of the North Sea countries is 
estimated to be below €60bn.  
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Figure 1: Savings in operation and network investment costs of different policy approaches 
when compared to the ‘Radial’ solution  
Assessing the benefits of establishing an offshore grid through developing offshore-to-
offshore links, and the interaction between offshore grid and interconnection, is one of the 
key objectives of this study. We observe that the benefits of connecting offshore clusters via 
a grid would be relatively modest in the Energy Neutral case (small increase in network 
investment costs savings come from relaxing the constraints of connecting wind farms to 
single country of origin, but sharing the connection between member states). Additional 
savings in system operation costs achieved through an offshore network are relatively 
modest due to limited energy exchanges between member states.  
On the other hand, the benefits of Full EU Market Integration are very significant. In 
addition to savings associated with network development, we observe significant benefits 
from a reduction in generation operating costs. This is driven by making use of North Seas 
grid infrastructure and interconnection to fully integrate operation of the EU electricity 
generation system. In the high offshore wind scenario, total savings are about €75bn, while 
for small-scale deployment, benefits are about €24bn. In addition, a fully integrated EU 
market will also generate security of supply savings that will exceed €25bn (not presented in 
figure). As expected, the ‘Proactive’ policy choice will bring further benefits in both network 
investment and operation. Most of the savings, when compared with the Fully Integrated 
Approach, are associated with reduction in network investment cost achieved through 
integrated optimisation of offshore wind generation that will be connected and the 
corresponding network investment.  
Another important insight is that under an integrated design of offshore networks and 
interconnection, energy produced by individual offshore wind farms is not necessarily 
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consumed by the member state to which they belong. For example, the total volume of 
onshore-to-offshore connections in the UK is reduced from about 68.1GW (radial/hub) to 
58.7GW (integrated). This does not mean that wind is not fully accommodated, but rather 
that it is more cost effective to export UK offshore wind directly to continental Europe. This 
is driven by the large amount of offshore wind capacity in UK waters and the fact that there 
are times when very substantial arbitrage opportunities with other European countries arise. 
Instead of importing wind to the main UK grid and then distributing energy via cross-border 
links to France, Belgium and Netherlands (which is the case under ‘Radial’), three large 
offshore-to-offshore links are built that connect Hornsea, East Anglia and Dogger Bank to a 
Netherlands offshore cluster and subsequently to the mainland. This is another clear 
demonstration of the potential benefits and synergies that arise when full offshore and 
international integration is made possible. 
In the context of uncertainty, this study investigated a min-max regret approach to the 
development of an offshore grid network and examined the extent to which strategic 
infrastructure investment decisions could deliver the flexibility to accommodate various 
future wind development scenarios through facilitating multiple network designs that are not 
overly constrained by the design choices in earlier years. In the context of uncertainty, the 
min-max planners have to find the optimal compromise between all possible choices that will 
enable them to both operate the system efficiently in the short-term (the planners will have to 
‘live’ with their initial commitments until further reinvestment can be undertaken) but also 
render them well positioned to adjust to actual developments at minimum cost. Of course, 
first-stage commitments can pose substantial limits to how optimally the system can adjust to 
the eventual realization.   
 
This analysis demonstrates that it is better to marginally over-invest and run the risk of 
stranded assets than under-invest and considerably constrain the available wind energy 
output. In other words the potential regret associated with ‘over-building’ the grid in 
expectation of high levels of deployment is much lower than the regret associated with 
‘under-building’ the grid on the basis of overly conservative deployment expectations. This 
planning approach effectively retains the option of pursuing a wide range of future offshore 
wind deployment scenarios at the least additional cost. The min-max regret would be 
generally applied in a rolling-planning framework, so that this exercise will be repeated every 
few years. 
 
In contrast to traditional applications of a min-max regret approach which selects a planning 
solution from the set of solutions that correspond to individual scenarios, in this project we 
have developed a formal min-max optimisation methodology. Our analysis illustrates how the 
min-max approach would involve the development of assets that create future options and are 
not built under any single scenario optimisation. In other words, this min-max model can 
identify the optimal investment strategy that is not based on investment schedules determined 
by individual (deterministic) scenario models. We demonstrate that the benefits of 
endogenously optimising min-max regret based investment would deliver additional savings 
between €1bn and €5bn per decision making period (in this study 5 years) even if significant 
volumes of offshore wind fail to materialise. Interestingly, we observe that these additional 
cost savings are achieved through construction of offshore-to-offshore links aimed at 
providing flexibility to deal with uncertainly, through integrating offshore wind clusters while 
enabling further cross-border transfers between North Seas countries. In order for these 
savings to materialise, a coordinated approach to offshore network and interconnection 
development is necessary.  
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Policy implications  
The analysis presented in this report aims at informing the development of policy regarding 
the coordination of investment in offshore grid and interconnection. This will require the 
development of new regulatory and market approaches that would facilitate strategic and 
coordinated network planning and investment under uncertainty associated with low carbon 
technology deployment necessary for achieving European decarbonisation targets. This may 
be particularly relevant, as growing interest in offshore wind is opening opportunities for 
transmission projects that cut across individual transmission regimes, i.e. onshore, offshore 
and interconnection. In this context, this study should facilitate the evolution of the policy, 
regulatory and market frameworks to enable development of multi-purpose transmission 
projects3, which would require resolution of considerable legal, licencing and governance 
issues. In addition to the challenges associated with efficient cost allocation of offshore grid 
infrastructure and investment risk management, allocation of subsidies for offshore wind 
development between member states will need to be tackled as the consumption of the energy 
produced by individual offshore wind farms may not be limited to a single member state.  
Furthermore, as the cost of grid connection represents a significant proportion of the cost of a 
typical offshore wind project (on average 30% of the total project costs is related to 
connection), savings that developers could make through strategic integration through multi-
purpose projects could in turn further enhance the development of offshore wind. The 
analysis also demonstrates the opportunity for industry stakeholders, including major 
technology suppliers, to provide standardised technology and solutions that will enable cost 
effective delivery of a future North Seas grid infrastructure.  
The strategic and integrated planning and operation of the North Seas grid region presents the 
opportunity to robustly deliver policy objectives at a vastly reduced cost compared to the 
current incremental and member state centric approaches. These potential advantages should 
not be ignored and it must be made a high priority for energy ministries around the North 
Seas to consider how these benefits can be realised. 
 
                                                      
3	  Examples	  include	  offshore	  wind	  farms	  connecting	  to	  interconnectors	  and	  the	  development	  of	  meshed	  
offshore	  grids	  that	  would	  also	  potentially	  increase	  onshore	  network	  boundary	  capacities	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2 Context	  and	  Objectives	  
Offshore wind power is expected to make a significant contribution towards de-carbonising 
the European energy system. It is envisaged that today’s installed capacity levels of about 5 
GW of offshore wind generation may reach 150GW by 2030, with approximately half of this 
capacity expected to be located in the North Seas. Given Europe’s aim for increased 
integration of the power markets by expanding cross-border interconnectors, there is a 
significant opportunity to integrate offshore wind generation and interconnector projects in 
the North Seas in order to take advantage of potentially significant economies of scales and 
thus reduce network costs.  
In this context, several important studies have been carried out, mainly led by the North Seas 
Countries' Offshore Grid Initiative4, which quantified costs and benefits of various network 
design alternatives by focusing on the levels of integration (i.e. radial/meshed network ratio). 
Results indicate that adopting coordinated and integrated network solutions rather than radial 
connections may increase capacity for cross border trade5. It is also recognised that benefits 
from integration might significantly increase if the level of deployment of wind generation 
increases (high RES future), although this has not been quantified. Similar conclusions were 
reported in the major study “OffshoreGrid: Offshore Electricity Infrastructure in Europe”6. 
Although very informative and far-reaching, these studies have not explicitly considered the 
uncertainty in time, location and amount of offshore wind generation deployment together 
with the need to assess flexible network investment propositions that would preserve future 
options for least-cost decarbonisation in high offshore wind deployment scenarios. This is 
important as the benefits of alternative policy options for the development of North Seas grid, 
from present incremental approach to connecting offshore wind farms to various coordinated 
approaches considering different levels of EU electricity market integration, may depend on 
the level of wind generation deployment. This may also impact the significance of the 
interaction between offshore grid and interconnection among North Seas countries, 
particularly under different policies for connecting offshore wind generation and level of EU 
electricity market integration. Given that the cost of offshore network infrastructure is 
significantly higher than on-shore, and due to the presence of significant economies of scale, 
coordinated and strategic approaches to offshore network development may bring significant 
savings, as shown in previous studies. However, the volume of these savings may depend on 
both levels of offshore wind generation deployment and the policy approach to  network 
development. The benefits of integrated network solutions have not been explicitly 
considered in the context of uncertainty in future deployment of offshore wind. 
In this context, key objectives of this study are to quantify the benefits of a strategic versus 
incremental approach to connecting offshore wind generation, under different offshore wind 
generation deployment scenarios and different levels of EU market integration. This is 
important particularly against the background of significant uncertainties associated with the 
future offshore wind generation deployment scenarios, but also with the development of 
policy and market frameworks for offshore grid development. Specifically, this study 
quantifies the benefits of coordination within offshore clusters considering the importance of 
                                                      
4	  Formed	  as	  the	  organisation	  to	  investigate	  barriers	  and	  propose	  solutions	  for	  the	  development	  of	  North	  Seas	  
Grid	  infrastructure	  	  
5	  Offshore	  Grid	  Development	  in	  the	  North	  Seas	  ENTSO-­‐E	  views	  -­‐	  https://www.entsoe.eu/publications/system-­‐
development-­‐reports/north-­‐seas-­‐grid-­‐development/	  
6http://www.ewea.org/fileadmin/ewea_documents/documents/publications/reports/OffshoreGrid__report.p
df	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the economies of scale, but also across offshore clusters through integrating offshore network 
and interconnection development. This also includes assessment of the benefits of proactive 
network investment decisions, similar to the concept of Integrated Resource Planning (IRP) 
whereby a central planning function can also prescribe the location of new offshore wind-
farms. As the significance of a strategic (versus present incremental) approach to integrating 
North Seas offshore wind will depend on the level of wind generation deployed, studies are 
carried out across four future scenarios. One particular area of interest is to explore the 
significance of the interaction between offshore grid and interconnection among North Sea 
countries and assess the benefits of offshore grid taking the role of interconnection. In the 
context of uncertainty, this study aims at investigating the extent to which strategic 
infrastructure investment decisions may deliver sufficient flexibility to accommodate various 
future wind development scenarios through keeping options open for facilitating multiple 
network designs that are not overly constrained by the network design selected in earlier 
years. This is important as the order in which the infrastructure is built out may either close 
down or open up options for future development.  
In this context, another important objective of the study is to assess the importance of min-
max regret approach to development of offshore grid network under the uncertainty. The risk 
of over-investment can be managed by designing the grid on the basis of minimising the 
maximum regret that can emerge given a range of potential future scenarios. This so-called 
‘min-max’ approach effectively retains the option of pursuing a wide range of future offshore 
wind deployment scenarios at least additional cost to consumers. It may result in the 
development of assets that would not be required under any single scenario optimisation but 
will create the option to pursue a range of alternatives at least cost. 
The analysis presented in this report aims at informing the development of policy regarding 
the coordination of investment in offshore grid and interconnection. This will require the 
development of new regulatory and market approaches that would facilitate strategic and 
coordinated network planning and investment under uncertainty associated with low carbon 
technology deployment aimed at achieving the European decarbonisation targets. This may 
be particularly relevant, as growing interest in offshore wind is opening opportunities for 
transmission projects that cut across individual transmission regimes, i.e. on-shore, offshore 
and interconnection. In this context, this study should facilitate the evolution of the policy, 
regulatory and market frameworks to enable development of multi-purpose transmission 
projects7, which would require resolution of considerable legal and licencing issues. 
Furthermore, as the cost of grid connection represents a significant proportion of the cost of a 
typical offshore wind project (on average 30% of the total project costs is related to 
connection), savings that developers could make through strategic integration through multi-
purpose projects could in turn enhance the development of offshore wind. The analysis also 
demonstrates the opportunity for industry stakeholders, including major technology suppliers, 
to provide standardised technology and solutions that will enable cost effective delivery of a 
future North Seas grid infrastructure. 
                                                      
7	  Examples	  include	  offshore	  wind	  farms	  connecting	  to	  interconnectors	  and	  the	  development	  of	  meshed	  
offshore	  grids	  that	  would	  also	  potentially	  increase	  onshore	  network	  boundary	  capacities	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3 Modelling	  Approach	  	  
3.1 Overview	  of	  the	  Model	  	  
In this study we developed and implemented a framework for comparison of strategic and 
incremental approaches to development of North Sea Grid infrastructure. For this purpose we 
applied Imperial’s advanced Dynamic Transmission Investment Model (DTIM8) that has 
recently been enhanced to facilitate an optimal transmission network investment decision-
making process under different levels of coordination in integrating offshore wind generation 
and different levels of EU market integration. DTIM is a cost-benefit analysis based 
electricity transmission expansion planning model that optimises the timing, capacity and 
location of the transmission investment. The Model also provides minimum cost generation 
dispatch decisions including the use of out of merit generation, including wind generation 
curtailment (if necessary), preventive and corrective control techniques to manage network 
congestion. DTIM balances costs of network constraints with costs of network reinforcement, 
minimising the overall cost of power system operation and expansion over a given duration.  
Throughout the optimisation period the model determines when, where and how much to 
invest into a transmission network considering demand forecasts, current and future fuel 
costs, evolution of installed conventional generation capacity, the location and quantity of 
new wind generation capacity, transmission and generation maintenance plans, etc. DTIM is 
capable of capturing inter-temporal changes in generation and demand thus optimising both 
the amount of transmission capacity and the timing throughout the modelling period. In 
addition to the transmission planning capabilities, DTIM can be used to calculate welfare 
functions, energy market prices, locational marginal prices, constraint costs, losses, 
generation dispatch patterns and transmission power flows.  
Furthermore, the capability of dealing with uncertainty in future generation deployment has 
been included in the model. Within a holistic optimisation process, DTIM balances costs of 
multiple transmission investment propositions against the associated costs of system 
operation, such as cost of constraints/congestion, cost of wind curtailment, cost of network 
losses, and reliability across multi-year time horizons. In summary the key features of DTIM 
are: 
(i) DITM fully captures the interdependencies in the development of offshore networks, 
interconnection and offshore wind generation deployment. All three are explicitly 
considered and optimised. In other words, DTIM can optimise investment and 
operation in interconnection, onshore and offshore grid in a holistic fashion. In fact, 
these network components are concurrently co-optimised by DTIM in order to 
determine the most efficient overall network investment while considering generation 
cost across the entire multi-country region. DTIM can also determine economic 
generation dispatch patterns associated with different candidate network 
configurations, including participation of both hydro and thermal generation. The 
curse of dimensionality associated with the hydro-thermal economic dispatch problem 
over the entire multi-country region is addressed through an efficient linear 
                                                      
8	  In	  its	  basic	  form,	  DTIM	  has	  been	  used	  to	  support	  the	  Transmission	  Access	  Review	  (TAR),	  the	  Fundamental	  
Review	  of	  the	  transmission	  network	  Supply	  Quality	  and	  Security	  Standards	  (SQSS)	  and	  has	  also	  been	  used	  by	  
the	  National	  Grid	  to	  validate	  the	  proposed	  transmission	  investment	  projects	  by	  the	  Energy	  Network	  Strategy	  
Group,	  and	  recently	  in	  our	  analysis	  of	  the	  Ofgem	  project	  TransmiT.	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programming formulation which permits utilisation of very effective methods such as 
newton barrier (i.e. interior point methods) to obtain solutions in reduced timescales 
(ii) DTIM explicitly optimises offshore grid topology, rather than being limited by pre-
defined grid structures. In this study DTIM is employed to optimise topology of 
offshore grid in a greenfield fashion. This represents an important feature of DTIM, as 
in contrast, conventional network planning models optimise network capacity for a 
given network topology (which may be appropriate for onshore networks given 
constraints imposed by planning permission issues). However, computational 
requirements for dealing with full enumeration of possible connections amongst all 
offshore wind clusters may be very significant, which may threaten the efficiency 
given the large number of binary variables. For the purpose of this work we have 
identified a large number of candidate corridors to be potentially constructed and have 
used advanced optimisation techniques to identify network sections that should be 
built. Thus in formulating the problems we specifically limited the number of binary 
variables through finding an appropriate compromise between computational burden 
and accuracy of the solution by using advanced computational geometry methods 
(e.g. Delaunay triangulation) for reducing the number of combinations of routes 
amongst clusters. It is also important to mention that we selected a limited number of 
offshore wind clusters, using clustering techniques (discussed below). 
(iii) All network asset investments are structured on the basis of fixed and variable costs, 
enabling the model to explicitly consider effects of economies of scale and hence to 
more accurately capture the fundamental differences between incremental and 
strategic network investment philosophies. 
(iv) DTIM can take into account the uncertainty in offshore generation deployment in 
terms of time, location and amount. This is an important and novel consideration as 
DTIM can determine robust network topology design against uncertainty in future 
offshore wind generation deployment, in a multi-year framework. Hence the offshore 
network topology determined by DTIM can deliver sufficient flexibility to 
accommodate various future wind deployment scenarios through keeping options 
open, and facilitate alternative network development designs that are not overly 
constrained by the network design in early years. This represents an important feature 
of DTIM with respect to conventional network planning models used in previous 
studies, which is particularly relevant when there is an opportunity to optimise 
network topology under uncertainty, which is a distinguishing characteristic of the 
North Seas offshore grid. In this context, a significant computational advantage of 
DTIM is its efficient treatment of uncertainty through min-max regret optimisation 
(rather than through stochastic optimisation), which deals with a relatively modest 
number of deterministic scenarios that defines the uncertainty set. Hence DTIM 
ensures that its network design is economically efficient and robust against the 
occurrence of extreme future wind offshore deployment scenarios, and that the regret 
associated with the selected network design in early years is minimised under these 
extreme scenarios. Min-max regret optimisation is fundamentally a deterministic 
approach; there is no need to use probability functions to represent uncertainty in 
DTIM, which significantly simplifies assumptions made about potential developments 
of offshore wind generation and the construction of the corresponding scenario tree. 
Furthermore, this approach ensures that the selected network design in early years is 
not only efficient against the expected future scenario (i.e. mean scenario) but also 
flexible enough to be adapted in case other offshore wind developments evolve. In 
other words, DTIM, unlike other models, can truly recognise the value of flexible 
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topology design in an endogenous fashion and therefore take efficient and robust 
decisions in network design. 
(v) Integrated grid solutions would be efficient particularly in the case of high levels of 
offshore wind generation in future, while on the other hand, high levels of offshore 
wind may only materialise if there is confidence in access to the necessary grid 
infrastructure and markets.   
With the capability of assessing alternative offshore grid designs with a number of potential 
network topologies endogenously optimised, in combination with the least-regret decision 
analysis designed to identify robust network investment solutions under uncertainty of future 
generation deployments, DTIM can balance the increase in costs of strategic investment in 
integrated network solutions, especially in early years, against the longer-term benefits 
associated with avoiding future fixed costs that accompany incremental grid development 
solutions.  
This approach will also value the flexibility that may be associated with alternative grid 
investment propositions. Furthermore, stranded asset risks are considered by DTIM when 
taking account of future scenarios in which offshore wind generation projects may not 
materialise. The minimum-regret transmission network investment decision framework 
requires solutions to be sufficiently flexible in early years in order to accommodate various 
future developments of wind generation, as the grid expansion in future years will be 
impacted by the initial decisions. In addition, the treatment of uncertainty in the proposed 
model does not require specific probabilities to be associated with individual future 
development scenarios to be explicitly defined, which makes our approach and DTIM 
inherently robust.   
In addition, DTIM can be used to optimise proactive network development plans that can 
facilitate the connection of wind generation projects that are envisaged to be cost effective in 
the future. For example, DTIM will provide network access proactively in a particular area, 
in anticipatory fashion, in order to incentivise future generation connections in that area. This 
is undertaken through a holistic optimisation that minimises both costs of the network and 
new wind generation investment. Thus, proactive network design can also deal with 
generation deployment uncertainty by fostering connection of wind in the appropriate 
locations, considering not only wind resource availability but also the network costs 
associated with such connections and need for onshore network reinforcements. 
 
3.2 System	  Data	  
The focus of the present study is offshore wind developments in the area of the North Seas 
over the period 2020 to 2040. 
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Figure 2: Map of the North Sea area. Magenta boxes and lines denote offshore wind farm 
projects and development zones. Source: http://www.4coffshore.com 
 
This study is carried out using future generation mixes in North Seas countries similar to 
those used in studies carried out by European Climate Foundation9. We should stress that the 
previous related studies, carried out with different generation mixes, are all consistent in 
pointing out the benefits of interconnection (which is the case in our study as well). Note that 
we have assumed deterministic generation developments for all technologies except offshore 
wind.  
 
As one of the key objectives of this work is to understand the interaction between offshore 
grid and interconnection, we believe that our key findings are robust and not very sensitive to 
the selected generation mix10. 
 
 
                                                      
9	  http://www.roadmap2050.eu/attachments/files/Volume1_fullreport_PressPack.pdf	  
10	  Note	  that	  OCGTs	  run	  during	  high	  peak	  demand	  conditions	  (and	  low/no	  output	  from	  renewables)	  with	  the	  
load	  factor	  between	  3%-­‐8%.	  	  
 16 
 
 
Figure 3: Generation scenario for North Sea countries in 2030. 
Along with defining the generation and demand profiles of each North Seas country, another 
necessary consideration is modelling of the existing transmission network. This is shown in 
Figure 4, including both internal corridors (e.g. UK1 to UK2) and cross-border links. 
 
Figure 4: Capacity of existing onshore-onshore links and cross-border interconnectors. 
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3.3 Offshore	  Wind	  Projects	  in	  North	  Sea	  
The main source of information regarding future offshore wind developments has been the 
database developed by 4-C-Offshore [7]. Given the scope of the work, we have focused on 
the sites in the North Seas area; there are a total of 593 projects over ten NSCOGI country 
members: Belgium, Ireland, Norway, Denmark, Netherlands, France, United Kingdom, 
Sweden and Germany (no offshore projects for Luxemburg). The database contains extensive 
information on individual projects regarding geographical location (longitude, latitude), 
distance to shore, target wind farm size and current development status. We have decided not 
to include the entire database, but rather limit the scope of analysis to the geographic window 
prescribed by the (latitude, longitude) diagonal points (60°,-12°) and (48°,21°), leaving a total 
of 532 projects to be explicitly considered in the optimization model. Projects outside this 
region either do not belong to the North Seas (e.g. south France and Baltic Sea) or can be 
considered as too remote to be realistically integrated with other projects in the main North 
Seas area (e.g. projects in North Norway). Note that projects outside the window are not 
discarded but are included as part of each country’s national wind fleet. A map showing 
which projects are included in the analysis and which ones are excluded due to shore 
proximity or are outside the target window is shown in Figure 5. 
 
Figure 5: Map of offshore wind projects included in the study. 
  Included explicitly in the study 
 
< 10 km from parent country’s shore 
 
Outside of [48°,-12°] [60°,13°] window  
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Geographical	  Clustering	  
Given the large number of individual projects in the North Seas area, their explicit inclusion 
in an optimization model would give rise to a prohibitively complex problem. Note that this 
issue is not problematic in the case of radial connections to shore; explicit consideration of all 
projects on an individual basis is possible. However, when considering the possibility for 
connections between offshore projects, the number of possible interconnection setups grows 
prohibitively large due to combinatorics. The approach taken to effectively reduce the 
number of possible connections is to group geographically adjacent projects into clusters; this 
way, only cluster-to-cluster connections need to be considered.  
 
Naturally, there are many possible ways to cluster such a large number of points; the larger 
the number of clusters, the more complex the model becomes while a small number of 
clusters may over-simplify the underlying reality by implicitly assuming the existence of 
connections between projects that belong to the same cluster. For the above reasons, a 
systematic and flexible way of geographically clustering the projects is essential. 
 
K-means clustering is a widely-used data-mining method for partitioning a dataset in a pre-
specified number of clusters according to a specific measure such as Euclidean distance. The 
method is capable of identifying the set of centroids that minimizes the within-cluster sum of 
distances. In our case, we have applied k-means clustering to group geographically adjacent 
projects together for the purpose of rendering the model tractable while retaining a good 
representation of the geographical diversity of offshore projects. The measure of choice is the 
Euclidean distance between a project and its nearest centroid. The level of clustering can be 
controlled by the user, allowing great freedom in experimenting with different topology 
setups. After several iterations a clustering scheme resulting in a total of 32 offshore wind 
clusters was adopted, shown in Table 3:. Note that the offshore clusters can only contain 
projects from the same jurisdiction so as to disallow implicit resource sharing between 
projects that belong to different countries. 
Country Number of Projects Number of Clusters 
BE 11 1 
DK 39 4 
FR 22 3 
DE 118 4 
IR 7 2 
NL 96 3 
NO 9 3 
SE 3 2 
UK 116 10 
Total 421 32 
Table 3: Clustering scheme for offshore projects. 
Figure 6 shows in more detail all individual projects and the cluster centroid to which they 
belong.  
 19 
 
 
Figure 6: Map of the 32 offshore wind clusters and corresponding individual projects. 
Topology	  Definition	  
Having defined a manageable number of offshore wind clusters, the next step is to define a 
set of candidate corridors to be considered in the optimization model. We assume that already 
existing links can be further reinforced, and the other links that we consider can be classified 
in the following four types: 
i. Onshore – Onshore corridors (internal). As already mentioned, some countries are 
modeled as a set of nodes instead of using a single bus model, enabling us to capture 
any material internal congestion that may limit trade opportunities, as is the case with 
the England-Scotland transfer boundary. All such links have been initialized with an 
existing capacity but can be further reinforced.  
ii. Onshore – Onshore corridors (cross-border). These are the links that connect two 
different countries. Depending on whether the connection would involve a fully 
onshore link (e.g. connection between France and Belgium) or a subsea cable (e.g. 
connection between UK and Norway), different cost functions are used (with the subsea 
options being considerably more expensive). 
iii. Offshore – Onshore corridors. These are the links that directly connect an offshore 
cluster to its parent country. In the case of non-integrated designs, these links are used 
to connect offshore wind generation. However, in case of integrated approaches, where 
construction of offshore-offshore links is considered, it is possible for an offshore 
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cluster to not connect directly to its country, but be linked to its parent and/or other 
neighbouring onshore systems indirectly via other clusters. In other words, the way a 
cluster connects to shore is a result of optimization and has not been defined a priori.  
iv. Offshore – Offshore corridors. One of the main purposes of this project is to examine 
benefits of integrated connection strategies. To this end, it is necessary to define a large 
set of candidate corridors that link up clusters that belong to the same or different 
countries.   
 
Given the large number of onshore and offshore system nodes, attempting an exhaustive 
listing of all possible combinations would be both unnecessary and computationally 
expensive. As a result, a set of rules was compiled so as to come up with a comprehensive list 
of candidate choices that a prudent planner should consider. The methodology to arrive at the 
set of candidate links is the following:    
a) We have assumed that each offshore cluster can connect directly solely to the country to 
which it belongs.  
b) Regarding the candidate offshore-to-offshore links, considering all possibilities in an 
exhaustive manner would yield close to 1000 corridors, many of which would be 
technically infeasible or clearly uneconomical to construct. Instead, we have assumed 
that each cluster can connect only to its nearest five neighbours while also ensuring that 
there is at least one straight line that connects projects of the two clusters while not 
intersecting any land mass.  
c) We have explicitly introduced new direct cross-border corridors that could be beneficial 
in the future. For example, in order to inform the on-going debate related to a potential 
Norway-UK interconnection, three separate connection possibilities have been included 
differing in their UK connection point (South England, North England and Scotland). We 
have also considered geographical proximity and technical feasibility as criteria for 
interconnection. For example, interconnection between Norway and Ireland is not 
considered due to the practical implications and increased costs that such an endeavour 
would entail.  
 
Following the above criteria, a set of 134 candidate links to be included in the optimization 
model was compiled, comprising of 28 existing and 106 new transmission paths. In total the 
model will consider investing in 11 new cross-border corridors and 63 new offshore-offshore 
links. The detailed candidate topology is shown in Figure 7. 
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Figure 7: Set of candidate corridors in the North Sea.  
 
 Link Type Number of Links 
Existing 
paths 
Onshore-Onshore (internal) 8 
Onshore-Onshore (cross-border) 20 
Candidate 
paths 
Onshore-Onshore (cross-border) 11 
Offshore-Onshore 32 
Offshore-Offshore 63 
Table 4: Candidate links by type. 
Along with the possible transmission paths, another important consideration that largely 
drives the undertaken cost-benefit analyses is, of course, the investment cost for different 
links.  As already mentioned, an important feature of the model is the modelling of network 
investment decisions on the basis of fixed cost components, dependent on the length of the 
circuit but not on capacity, and variable costs that depend on both circuit capacity and length. 
A comprehensive literature survey was carried out, supported with consultation with 
specialists in this area, to derive generic costs that are adopted to be used in this study. The 
adopted typical values of annuitised fixed and variable cost of investing and installing 
undersea cables are 70,000 €/km and 120 €/MW.km.year, while cost of onshore network 
Candidate	  Offshore	  	  –	  Onshore	  corridor 
Candidate	  Offshore	  	  –	  Offshore	  corridor 
Candidate	  Cross-­‐Border	  Interconnector 
Existing	  Onshore	  	  –	  Onshore	  corridor 
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reinforcement only contain a variable cost component of 70€/MW.km.year A discount rate of 
5% has been used for all case studies. 
 
3.4 Offshore	  Wind	  Development	  Scenarios	  
One of the main aspects of this study is the explicit consideration of uncertainty regarding the 
size, time and location of future offshore wind farms. We have adopted a scenario tree 
approach, recommended in [6], where a consistent set of possible future developments is 
compiled and analysed to identify optimal investment commitments that would lead to 
optimal performance across all envisaged futures. 
 
In our case, the main sources of information regarding the description of plausible futures is 
expert opinion, the assumptions undertaken in existing studies, as well as the policy goals of 
individual countries regarding long-term deployment targets. In addition, the database of 
offshore projects containing information on all current and potential future offshore wind 
projects in the North Seas has been instrumental in informing the scenarios. More 
specifically, each project has been given one of the following statuses (representing 
development phase): 
• Fully Commissioned 
• Under Construction 
• Permit Granted 
• Awaiting Permit 
• Early Planning 
• Development Zone 
 
 
For a map showing all offshore projects and corresponding status please refer to Figure 8.  
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Figure 8: Development status of all considered offshore wind projects. 
Most notably, information for a particular project regarding its status and its distance to shore 
can act as a suitable proxy towards inferring its position in a country’s ‘priority stack’. The 
concept of a ‘priority stack’ is used to rank the projects in terms of timing of offshore wind 
generation project development, taking into account planning permission process and shore 
proximity. For example, a project labelled as ‘Permit Granted’ will most likely be developed 
earlier than a project currently labelled as a ‘Development Zone’. In addition, projects that 
are located closer to shore can be expected to be commissioned earlier given the reduced 
fixed cost requirements, reduced complexity of construction logistics etc. As a result, it is 
possible to use this information to rank projects in order of projected relative completion 
date. We have chosen development status as the main determinant of a project’s position in 
this development pipeline, followed by distance to shore to further distinguish between 
projects that currently hold the same development status.  
 
The methodology employed to compute cumulative target volumes is the following: 
a) Regarding developments in the first epoch (year 2020), all projects labelled 
‘Commissioned’ or ‘Under Construction’ are assumed to be operational. In addition, we 
have assumed that in the high development scenario (scenario 1), all projects that have 
already been granted a permit (i.e. ‘Permit Granted’ status) will also be operational. 
First-epoch deployment levels for the intermediate scenarios 2 and 3 are a result of linear 
interpolation between these two extremes. We assume that in the case of the highest 
development scenario (scenario 1), all projects present in our database are commissioned 
 
 
Under	  Construction 
 Permit	  Granted 
 
Awaiting	  Permit 
 
Early	  Planning 
 
Development	  Zone 
Fully	  Commissioned 
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by the last epoch (year 2040), resulting in a total capacity of 204GW. To cover a wide 
range of eventualities, the other scenarios are set as 150GW, 100GW and 50GW, 
amounts which are in line with previous studies focusing on North Sea offshore wind 
over the same time scales. 
b) Deployment levels between the first and last epochs for all scenarios are a result of linear 
interpolation between these two endpoints. 
 
Following the above methodology, four scenarios have been compiled to describe the 
possible paths of future offshore wind deployment in the North Sea. A high-level scenario 
description follows: 
Scenario 1. This is the highest wind development scenario where it is assumed that all 
projects present in the database are eventually commissioned. In this case, 
offshore wind capacity in the North Sea by 2040 totals 204 GW. It is important 
to note that this scenario entails very substantial deployment in the medium 
term, with almost 60GW being built between 2020 and 2025 and a similar 
addition over the 2025-2030 epoch. Regarding the first stage, we have assumed 
that projects currently labelled as ‘Commissioned’, ‘Under Construction’ or 
‘Permit Granted’ will be fully operational by 2020. 
Scenario 2. This is medium-high development scenario, where a total capacity of 150 GW is 
projected to be commissioned by 2040. 
Scenario 3. This is a medium-low development scenario, where a total capacity of 100 GW 
is projected to be commissioned by 2040. 
Scenario 4. This is the lowest wind development scenario that results in a total deployment 
of 50 GW by 2040. Regarding the first epoch, it is assumed that only projects 
labelled either as ‘Commissioned’ or ‘Under Construction’ will be operational 
by 2020; this is essentially a pessimistic view of offshore developments in the 
near future. 
 
The full scenario tree showing total wind development levels for each epoch is shown in 
Figure 9.  
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Figure 9: Scenario tree capturing possible paths of future offshore wind deployment in the 
North Sea. 
Based on the overall deployment targets outlined above, each individual country’s target 
must be defined across the different scenarios and epochs, excluding scenario nodes that are 
already fully defined at a country level (i.e. first epochs for scenarios 1 and 4 and last epoch 
of scenario 1). These country-specific targets have been set on the basis of the sharing ratios 
observed in the full deployment case (i.e. last epoch of scenario 1) in conjunction with the 
‘priority stack’ approach described earlier. It is important to note that due to integer sizing, 
some countries (e.g. Belgium and Sweden) may reach their full deployment potential in an 
intermediate epoch. A plot showing country-specific deployment targets is shown in Figure 
10. The resulting deployment patterns on an individual project basis for scenarios 1 and 4 are 
shown in Figure 11. 
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Figure 10: Offshore wind capacity per country under each scenario. 
  
 
 
Figure 11:   Individual project deployment patterns over the study horizon for scenarios 1(left) 
and 4 (right). 
 
3.5 Policy	  choices	  
In the context of the project’s goals to examine the benefits of different policy approaches 
associated with various levels of resource and market integration, we have analysed several 
cases. A range of studies have then been undertaken in order to evaluate the benefit of 
increased levels of coordination of connecting offshore wind generation and also EU market 
integration, from partial to fully unconstrained electricity trading between European 
countries. We also analysed the impact of large-scale deployment of demand-side measures. 
In the sections below we define the features of the different policy choices that are analysed 
in this study. 
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Radial	  	  
Currently, connection of offshore wind projects to shore is undertaken in an uncoordinated 
fashion, where each individual wind farm is responsible for building its export link to the 
main electricity grid. Although this is an incremental approach that foregoes scale economies, 
it has generally been the preferred choice for offshore wind farms primarily due to the 
anticipatory investment elements that a strategic connection entails and the associated 
stranding risks [12]. Our model is capable of capturing the increased investment cost that 
characterises the incremental approach through increased overall fixed costs (as each project 
involves individual connection of wind farms of 250MW or 500MW capacity). This involves 
a larger number of converter stations, substation upgrades and other necessary technical 
works that would need to be undertaken when compared to a strategic plan that can undertake 
investment at levels beyond the current needs in order to take full advantage of scale 
economies. The incremental (radial) policy choice represents the minimum level of 
coordination at a national level, largely in line with current observations and regulatory 
frameworks, and thus is taken as the baseline against which all other setups are to be 
compared. It is however important to note that our optimisation approach implicitly assumes 
coordination between onshore and offshore investment in all policy choices. However, since 
construction of offshore-offshore links are not considered under the ‘Radial’ (and ‘Hub’) 
policy choice, it is not possible to displace the need for reinforcements in the onshore system 
via investment in an offshore grid; this is a significant aspect of offshore-onshore 
coordination that is demonstrated in detail under the ‘Integrated’ policy choices.  
 
Regarding the level of EU market integration, ‘Radial’ is characterised by energy neutrality 
and self-security at member state level and it is used as a counterfactual. In addition to 
connecting offshore wind farms, the model will optimise the level of direct interconnection 
among North Sea countries.  
Hub	  
The ‘Hub’ policy choice assumes that the planning process will take a strategic view towards 
the connection of future offshore wind resources. To this end, offshore wind generation 
projects are no longer connected on an individual basis while incurring fixed costs multiple 
times. Instead, the planner has to incur a fixed cost payment every time an onshore-offshore 
corridor is constructed or an already-existing corridor is upgraded. This renders investing 
beyond the current needs an attractive option, since taking advantage of the arising scale 
economies can lead to substantial reductions in network costs. In general, the adoption of a 
strategic approach enables the connection of large volumes of wind at a lower cost, but can 
also lead to anticipatory elements being stranded in the event that the envisaged offshore 
wind projects do not materialise; an uncertainty analysis framework (such as minimum 
regret) is applied to quantify the severity of these risks. It is important to observe that the 
‘Hub’ policy choice excludes building offshore-to-offshore links between clusters.  
 
Regarding the level of EU market integration, ‘Hub’ policy is similar to ‘Radial’ and is 
characterised by energy neutrality and self-security at member state level.  
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Integrated	  (Energy-­‐Neutral)	  	  
This policy choice constitutes a significant leap in the level of system integration among 
North Sea countries. The key difference in relation the two above, is in the possibility for the 
construction of offshore-to-offshore links between clusters that belong to the same or 
different jurisdictions. These links can lead to fundamental changes in network evolution 
because they enable a range of services that have traditionally been implemented through 
conventional reinforcement of the onshore grid. The most obvious possibility enabled by 
offshore-offshore links is increased inter-zonal coordination between different clusters, 
leading to reduced investment levels in the offshore grid. Furthermore, resolution of internal 
congestion can be achieved by building an offshore-offshore link that connects two clusters 
that belong to different onshore nodes (e.g. Scotland and South England); a new corridor that 
can directly accommodate energy exports and imports is created circumventing the congested 
onshore paths. In a similar manner, connecting two clusters that belong to different countries 
can essentially create a link that displaces the need for direct cross-border interconnection. 
Using a number of offshore-offshore links, it is possible to build a meshed offshore grid that 
connects multiple countries while integrating offshore wind export capabilities. Consideration 
of these aspects can have a profound effect on the optimal network design and thus on the 
amount of investment necessary to accommodate oncoming wind.  
 
Similarly to the ‘Radial’ and ‘Hub’ cases, energy neutrality and self-security at member state 
is assumed. 
Fully	  Integrated	  
This policy choice is identical to the one above, but the energy neutrality and self-security 
constraints have been relaxed. Electricity trading opportunities between different countries 
are unconstrained and can be fully taken advantage of, resulting in increased benefit for 
cross-border interconnectors (in the form of direct links or connections incorporating offshore 
wind resources) and augmented trade volumes in order to exploit all available opportunities 
for arbitrage. Also, member states share generation backup capacity via direct or indirect 
interconnection (through integrated offshore grid) to maintain security of supply. By 
investigating the optimal network design and operation strategy under this policy setup, the 
benefits of the fully integrated approach can be quantified. 
Proactive	  	  
In all the policy choices described above, offshore wind developments are considered fully 
exogenous, i.e. dictated by the different scenario definitions and therefore outside of the 
network planner’s control. The system planner is tasked with reactively or proactively 
accommodating new plants but cannot impact the generation planning process. A different 
approach is to co-optimise generation and network assets so as to maximise social welfare in 
a coordinated fashion while taking full advantage of any synergies that may arise. This is 
essentially the Integrated Resource Planning (IRP) approach applied to electricity system 
design. Such an approach leads to a lower overall system cost and can provide necessary 
insights regarding the benefit of encouraging further coordination between generation 
investment and network development (through suitable design market and regulatory 
mechanisms). 
 
 29 
 
The way the proactive policy choice has been modelled is that overall target deployment 
volumes (as shown in Figure 9) do not change, on the basis that they correspond to necessary 
developments under four different European environmental policy targets regarding carbon 
emissions. However, the projects that are commissioned at each stage are not defined a priori 
using the ‘priority stack’ approach; instead each cluster’s capacity is introduced as a decision 
variable to be optimized by the model. The model’s final result in this case is not limited to 
the optimal network design but also extends to the optimal offshore wind deployment pattern 
that results in minimization of total system costs. Naturally, appropriate constraints have been 
introduced to ensure that each cluster’s maximum size abides with the setup shown in Figure 
6 and that the total offshore wind volume deployed at each scenario stage follows the 
scenario tree as defined in section 3.4.  
 
The different policy approaches with their key characteristic are summarized in the table 
below: 
 
Approach  Key Characteristics  
Radial 
− Incremental connection of offshore wind projects to shore. 
− Offshore-offshore connections not considered. 
− Member states are net energy neutral and self secure. 
Hub 
− Strategic connection of offshore wind clusters to shore. 
− Offshore-to-offshore connections not considered. 
− Member states are net energy neutral and self secure. 
Energy Neutral Integrated − Offshore-to-offshore connections considered. 
− Member states are net energy neutral and self secure. 
Fully Integrated 
− Offshore-to-offshore connections considered. 
− Unconstrained cross-border electricity trade. 
− EU wide security. 
Fully Integrated Proactive 
− Offshore-to-offshore connections considered. 
− Co-optimization of network and generation investment. 
− Unconstrained cross-border electricity trade. 
− EU wide security. 
Table 5: Summary of policy choices considered 
 
3.6 Planning	  Decision	  Criteria	  
For the purposes of this study, we have chosen to compile a set of future scenarios, each 
comprising of five 5-year epochs, covering the time period 2020-2044. Two types of analysis 
have been employed to investigate optimal network designs under the different wind futures: 
individual scenario and minimum regret analysis. 
Individual	  Scenario	  Analysis	  
Individual scenario analysis, as the name suggests, involves carrying out a distinct system 
optimisation for each individual scenario within the set of envisaged futures. This is in 
essence a deterministic analysis method that disregards uncertainty and assumes perfect 
foresight towards oncoming developments in the North Sea; in this case there are no risks 
related to asset stranding. However, although scenario analysis is not a suitable framework 
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for identifying possibilities for strategic action, this analysis is an integral part of performing 
a minimum regret study (as explained below) and can provide useful insights towards the 
diversity of possible optimal network designs as well as the value of having perfect 
information. 
Minimum	  Regret	  Analysis	  
 The basic limitation of frameworks that analyse scenarios in isolation is that there is no 
formal method to derive a coherent strategy that performs well under all scenarios from the 
set of individual optimal investment plans. In the past, heuristic methods based on scenario 
analysis have been used, such as the identification of investment patterns common across all 
realisations. However, such approaches are by definition inferior to formal stochastic and 
robust optimization methods that can identify the optimal network design strategy while 
considering the entire scenario tree. Such frameworks introduce scenario-coupling constraints 
(non-anticipativity constraints that capture the inter-temporal resolution of uncertainty) and 
explicitly consider decision flexibility (the ability to progressively and conditionally adjust 
decisions as more information is revealed).  
 
Many different approaches exist to modelling the level of risk-averseness in a decision 
making process. One typical approach is to define the scenario tree’s transition probabilities 
in order to capture the likelihood of different events occurring.  The planning can then 
proceed to identify the optimal investment strategy on the basis of minimisation of the 
expected system cost. However, such an approach is highly sensitive to the choice of 
probabilities and there is no consistent process for generating the likelihood of different 
scenarios, as the uncertainties at hand are non-repeatable.  
 
Another approach towards representing a risk-averseness in a decision making process when 
facing uncertainty is minimising the sub-optimality, or regret experienced between the chosen 
investment strategy and the optimal course of action that could have been taken if perfect 
foresight was available. The objective of the minimum regret approach is the identification of 
the investment decisions that minimise the maximum regret experienced across all possible 
scenario realizations. Note that the scenario that would lead to the maximum regret is not 
defined a priori, but is decision-dependent and thus a result of the optimisation. It follows that 
since the objective function is no longer a probability-weighted function, there is no need to 
specify event probabilities and all scenarios are treated on an equal basis (although this is not 
equivalent to a stochastic formulation applied to an equiprobable scenario set). The most 
notable advantage of a minimum regret analysis is the fact that by using this approach, we 
can identify solutions that are not encountered when scenarios are examined in isolation. 
Such investment decisions can be considered suboptimal from a deterministic point of view, 
but are beneficial in the way they deal with uncertainty; they increase the options available in 
the planning process and enable adjustments to be made to each possible realisation in an 
efficient manner. Conversely, plans obtained from individual scenario analysis are optimal 
for a particular future but may leave little room for hedging when an adverse scenario occurs. 
Identification of these flexibility-driven decisions is an important aspect of uncertainty 
analysis,	  as pointed out in [21] that uses a stochastic programming framework to deal with 
uncertainty. 
 
For the purposes of this study, uncertainty has been modelled to exist only in the first-stage 
decisions, as can be seen from the scenario tree in Figure 9. In other words, the planner is 
tasked with identifying the set of optimal capital investment decisions for 2020 given that 
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four different futures could occur. In 2020, on the basis of new information, a new set of 
scenario trees will be developed and the process will be repeated. Naturally, the suitability of 
the chosen first-stage decisions to the eventual outcome will facilitate or hinder 
accommodation of further offshore resources in the following stages. On the one hand, 
increased investments in the first stage may be beneficial for high-growth scenarios, but will 
lead to unnecessarily high capital costs in the event of low offshore rollout. Similarly, 
undertaking low investment may ill-condition the system, forcing the planner to pay high 
fixed costs to re-adjust his strategy in case of high-growth developments.  
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4 Key	  Findings	  
 
In this section key findings of the study are presented and discussed, with particular emphasis 
on optimal network designs and system costs associated with different policy choices 
outlined in section 3.5. The two different analysis methods presented in section 3.6 are used 
to evaluate scenarios in isolation and identify optimal first-stage decisions when considering 
uncertainty in a holistic manner. In addition, sensitivity analyses around the level of inter-
zonal coordination, deployment of demand-side response (DSR) technologies and cost of 
onshore reinforcements have been undertaken and are presented below.  
4.1 Scenario	  Analysis	  
Our objective in this study was to provide evidence for informing policy decisions related to 
large-scale deployment of offshore wind in the North Sea and the associated network 
infrastructure. The ‘Radial’ approach, representing today’s practice, which involves 
incremental connection of offshore wind farms, is chosen as the counterfactual and costs 
associated with other policy choices are presented in relation to this approach. Our aim is to 
investigate the benefits of increased coordination and market integration with respect to the 
different wind deployment scenarios. 
From Figure 12, we observe that in the case of large-scale deployment of offshore generation 
resources, coordination of offshore Hubs will benefit from scale economies and could 
deliver significant economic benefits when compared to incremental point-to-point 
connections. As expected benefits will depend on the scenario, i.e. the amount of offshore 
wind generation deployed. For large penetration of offshore wind, savings in network 
investment from coordinating connection of offshore wind clusters are about €40bn, while 
for small-scale deployment, benefits are about €8bn.  
Assessing the benefits of establishing offshore grid, through developing offshore-to-offshore 
links, and the interaction between offshore grid and interconnection, is one of the key 
objectives of this study. We observe that the benefits of offshore grid connecting offshore 
clusters would be relatively modest in the Energy Neutral case (small increase in network 
investment costs savings come from relaxing the constraints of connecting wind farms to a 
single country of origin, but sharing the connection between member states). Additional 
savings in system operation costs achieved through offshore network are relatively modest 
due to limited energy exchanges between member states.  
On the other hand, benefits of Full EU Market Integration are very significant. In addition to 
savings associated with network development, we observe significant benefits from 
reduction in generation operating costs11. Note that the savings in network investment cost 
are slightly lower when compared with Energy Neutral or Hub approach, due to increased 
investment in offshore-to-offshore links, and hence enabling offshore network to facilitate 
energy exchange between the member states. A Fully Integrated EU market will also 
generate security of supply savings, as individual member states will share resources to 
                                                      
11	  In	  the	  analysis	  carried	  out	  future	  annual	  benefits	  from	  reducing	  operating	  costs	  are	  discounted	  at	  the	  rate	  of	  
9.5%.	  
 33 
 
maintain security of supply. These additional savings will exceed €25bn, as estimated in our 
earlier study12. 
 
 
Figure 12: Savings in operation and network investment costs of different policy choices when 
compared to the optimal ‘Radial’ solution.  
 
As expected, the ‘Proactive’ policy choice will bring further benefits in both network 
investment and operation. Most of the savings are associated with reduction in network 
investment cost achieved through integrated optimisation of offshore wind generation that 
will be connected and network investment, when compared with the Fully Integrated 
approach. In the figures below we observe the differences in Proactive versus exogenous 
development of offshore wind.  
 
 
                                                      
12	  Benefits	  of	  an	  Integrated	  European	  Energy	  Market,	  
http://ec.europa.eu/energy/infrastructure/studies/doc/20130902_energy_integration_benefits.pdf	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Figure 13: Exogenous offshore generation deployment under different scenarios. 
 
 
 
Figure 14: Generation deployment under different scenarios for the ‘Proactive’ policy choice. 
The figures below show the differences between optimal designs obtained under ‘Fully 
Integrated’ and ‘Proactive’ policies under scenario 4 (low-growth), epoch 2040-2044. We 
observe that ‘Proactive’ policy selects to connect more wind farms in the UK and less in 
Germany, leading to different offshore network topologies.  
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Figure 15: Comparison between optimal designs obtained under ‘Fully Integrated’ and 
‘Proactive’ policy choices under scenario 4 (low-growth), epoch 2040-2045. 
In summary, it is clear that the majority of network investment savings could be achieved 
through a ‘Hub’ approach and that the presence of offshore grid will only bring marginal 
network investment savings (in the order of 10% of savings). On the other hand, full EU 
market integration will lead to the development of North Sea integrated grid infrastructure, 
which would bring significant operating cost savings through facilitating energy exchanges 
between member states via offshore grid (more than doubling savings when compared with 
Hub). It is important to stress that in addition to the savings presented in Figure 12, full EU 
market integration will bring security of supply benefits in the excess of €25bn. 
Clearly, the role of offshore grid, in addition to connecting offshore wind farms, is in 
enabling energy transfer between different countries - essentially performing the function of 
cross-border interconnection without building it directly. This can be seen in Figure 16, 
showing that in the case of ‘Radial’ connection, a significant amount of direct interconnection 
between member states is developed, while in the case of a fully integrated EU market, 
offshore grid performs this role.  
  
Figure 16: Comparison between optimal designs obtained under ‘Radial’ and ‘Proactive’ policy 
choices  under scenario 1 (high-growth), epoch 2040-2045. 
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For a more in-depth analysis, we also present the corresponding transfer capacity tables for 
the two policy approaches under the extreme deployment scenarios. All numerical entries 
refer to capacities of various segments of the grid, expressed in GW. Entries in blue represent 
cross-border capacity between two countries via direct cross-border interconnectors. Entries 
in red represent cross-border capacity between two countries via offshore links. Diagonal 
entries in green represent the aggregate capacity of offshore-to-onshore links for each 
country. Cyan entries show the generation capacity of offshore wind deployed in each 
country. Note that these tables present only the additional network capacity built as a part of 
the grid optimisation (this excludes the capacity of the existing circuits, shown in Figure 4). 
In addition, the red boxes correspond to combinations of non-neighbouring countries, where 
no direct trade route exists. Figure 17 presents the ‘Radial’ vs. ‘Integrated’ capacity 
comparison under scenario 1. 
 
 
Figure 17: Comparison between transfer capacities under ‘Radial’ (left) and ‘Integrated’ (right) 
policy choices under scenario 1 (high-growth), epoch 2040-2044. 
As the two tables show, there are some very significant differences between the two 
approaches to the development of offshore grid. Most notably, when offshore-to-offshore 
integration is enabled, many direct interconnectors are replaced by offshore corridors that 
also integrate offshore clusters. For example, in the ‘Radial’ case, Sweden is connected to 
Germany via a new 7GW direct link. This is replaced by a 8.4GW offshore-offshore link 
which also incorporates large onshore-offshore cables (1GW vs. 12.6 GW) to enable larger 
power transfers. In a similar manner, the 10.9 GW direct link that connects UK and Norway 
under ‘Radial’ is displaced by an offshore corridor that passes through two offshore clusters. 
The same holds true for the UK-Belgium case and UK-Ireland cases.  
 
Another important insight is that the total volume of onshore-to-offshore connections in the 
UK is reduced from a sum of 68.1GW to 58.7GW. This does not mean that wind is not fully 
accommodated, but rather that it is more beneficial to export UK offshore wind directly to 
continental Europe. This is driven by the large amount of offshore wind capacity in the UK 
and there are times when very substantial arbitrage opportunities with other European 
countries arise. Instead of importing wind to the main UK grid and then distributing energy 
via cross-border links to France, Belgium and Netherlands (which would be the case under 
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‘Radial’), three large offshore-to-offshore links are built that connect Hornsea, East Anglia 
and Dogger Bank (clusters 26, 29 and 32 respectively) to a Netherlands offshore cluster and 
subsequently to the mainland. We also observe that the large decrease in UK onshore-to-
offshore connections is compensated by an increase of almost equal size (from 31.3GW to 
41.8GW) for Netherlands. The construction of this large capacity offshore corridor is also 
partly the reason behind the large onshore reinforcements between Netherlands-Belgium and 
Netherlands-France which are not seen under the ‘Radial’ approach; to enable efficient 
distribution of zero marginal cost renewable resources across mainland Europe during times 
of high wind. This is a clear demonstration of the potential benefits and synergies that arise 
when full offshore and international integration is made possible. 
 
Figure 18 presents the ‘Radial’ vs. ‘Integrated’ capacity comparison under scenario 4. It is 
interesting to highlight that the basic synergies enabled via offshore links persist even under 
the low-deployment scenario.  
 
 
Figure 18: Comparison between optimal designs obtained under ‘Radial’ (left) and ‘Integrated’ 
(right) policy choices  under scenario 4 (low-growth), epoch 2040-2044. 
For example, the Sweden-Germany direct interconnector is again replaced by an offshore 
corridor that also connects offshore wind clusters. Of course, due to the fact that some 
clusters are actually never built, most of the multi-purpose corridors, observed under scenario 
1 (e.g. the offshore UK-Norway corridor), are no longer feasible. However, an interesting 
difference to scenario 1 is that offshore-onshore connections in the UK are now considerably 
higher under ‘Integrated’, increasing from 11.8GW to 17.5GW. This is because in the 
eventuality of a severely restricted deployment of offshore wind in the North Sea, the UK 
becomes a net importer of energy due to limited access to low cost energy sources compared 
to other European countries. As a result, multi-purpose links combining connection of wind 
farms and cross-border trade are built between Belgium, Netherlands, Ireland and the UK. 
Note that this is also apparent from the fact that onshore-offshore capacity of Ireland and 
Belgium is reduced under the ‘Integrated’ policy choice; resources are directly re-routed to 
the South of England. Conversely, Netherlands exhibits an increased need for onshore-
offshore capacity, but for largely the same reasons; a multi-purpose corridor between UK-
Netherlands is created that also enables energy transfers from the mainland Dutch grid.  
Finally, it should be noted that the resulting offshore grid topology displaces the need to build 
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large direct interconnectors between UK-Norway and UK-Netherlands, which are required 
under ‘Radial’ to facilitate short term energy exchanges. The above demonstrates how even 
in low-growth scenarios, the option of developing an integrated offshore grid (through 
offshore-to-offshore links) can change grid design and enhance system performance. 
 
Sensitivity Analysis  
Several studies were carried out to assess the benefits that demand-side management (DSM) 
can offer through providing flexibility in managing the demand-supply balance while 
enhancing the utilisation of existing network assets [2]. DSM is capable of rescheduling 
energy consumption of flexible loads from peak to off-peak hours, enhancing utilisation of 
available resources and supporting network congestion management. Although DSM 
capabilities in European systems is currently limited, electrification of the heat and transport 
sectors in the coming decades and the increasing use of ‘smartgrid’ technology is expected to 
increase penetration of flexible loads and have a significant impact on load patterns.  
 
In this study, DSM is approximately modelled through making use of ex-ante assumptions 
related to the effect of DSM, focusing on reduction in peak demand and increase in off-peak 
demand, as this is critical for infrastructure design (both network and generation) and 
reduction of operating costs. Savings in operation and network investment costs under the 
‘Hub’ and ‘Fully Integrated’ policies when DSM capability is deployed is compared with 
‘Radial’ below (Figure 19 and Figure 21 respectively). 
 
 
 
Figure 19: Comparison of savings in operation and network investment costs under the ‘Hub’ 
policy choice when DSM capability is deployed (both are compared with ‘Radial’).  
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Comparing the ‘Hub’ and ‘Hub DSM’ under different scenarios, we observe that DSM can 
deliver marginal benefits in network investment and more significant savings in system 
operation costs.  
 
 
Figure 20: Comparison of savings in operation and network investment costs under the 
‘Integrated’ policy choice when DSM capability is deployed (both are compared with ‘Radial’).  
Similarly, comparing the savings with and without DSM under the Fully Integrated approach 
presented in Figure 21, we observe that DSM brings marginal benefits in network investment 
and significant reductions in system operation costs, across all scenarios.  
We stress that this analysis quantified gross benefits of DSM, not including the cost of DSM 
implantation.  
 
4.2 Minimum	  Regret	  Analysis	  
In this section we present two case studies: one is based on the principles of the ‘Fully 
Integrated’ policy choice, while the other focuses on the ‘Proactive’ planning paradigm. In 
both cases we compare the networks obtained using scenario-specific deterministic 
optimizations models and the network obtained using the minimum regret model (also 
referred to as ‘min-max model’ as its objective function is the minimization of the maximum 
regret).  
 
The main difference between scenario-specific network plans and the min-max plan is that in 
the former case, an optimal plan is drafted for each scenario on the assumption that the 
planner has perfect information on future wind developments. In the latter case, uncertainty is 
modelled via a scenario tree that considers first-stage decisions to be identical. This means 
that when the planners have to undertake their initial investment commitments, there is no 
information regarding which scenario will materialise. To be more specific, appropriate 
constraints have been introduced to force first-stage decisions to be common across all 
scenarios. These are known as non-anticipativity constraints and are used to model the 
planners’ limited knowledge about future development. These constraints are relaxed in the 
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following epochs, essentially modelling the inter-temporal uncertainty resolution and 
allowing the planners to have full visibility of subsequent developments. In view of the 
above, the min-max planners have to find the optimal compromise between all possible 
choices that will enable them to both operate the system efficiently in the short-term (the 
planners will have to ‘live’ with their first-epoch commitments until further reinvestment can 
be undertaken in the second epoch) but also render them well positioned to adjust to the 
eventual outcome13 at the minimum cost. Of course, first-stage commitments can pose 
substantial limits to how optimally the system can adjust to the eventual outcome.   
 
Most importantly, the min-max model can identify the optimal investment strategy, as 
opposed to the set of investment schedules produced using individual (deterministic) scenario 
models. This strategy considers the trade-offs that arise due to lack of information and 
optimally balances between keeping a risk-averse and an optimistic outlook to ensure that the 
suggested commitments result in the minimum regret possible.  
Minimum	  Regret	  -­‐	  Fully	  Integrated	  	  
In this section we present the minimum regret analysis of the ‘Fully Integrated’ policy choice. 
In this case the planner can invest in offshore-offshore links with energy neutrality and self-
security constraints removed so the full benefits of cross-border energy exchange can be 
achieved. Note that the network development comparisons that follow focus on the first-
epoch commitments, which are of most interest in terms of topological design (as explained 
above).  
 
As can be seen in the figure below, first-stage commitments under the ‘Min-max Integrated’ 
paradigm contain some links that are also encountered under the high-growth scenario 
(scenario 1).   
 
 
                                                      
13	  Note	  that	  min-­‐max	  problems	  are	  notoriously	  hard	  to	  solve	  for	  a	  large	  number	  of	  variables,	  as	  is	  the	  present	  
case.	   For	   reasons	   of	   tractability,	   the	   min-­‐max	   model	   is	   run	   with	   only	   the	   two	   extreme	   scenarios	   1	   and	   4;	  
intermediate	  eventualities	  are	  not	  included	  (i.e.	  a	  reduced	  scenario	  tree	  is	  used).	  Due	  to	  the	  fact	  that	  we	  are	  
concerned	  with	  minimization	  of	  the	  maximum	  regret	  which	  is	  largely	  driven	  by	  binding	  scenarios	  (rather	  than	  
finding	  a	  plan	  that	  performs	  well	  ‘on	  average’),	  it	  is	  possible	  to	  claim	  that	  this	  simplification	  has	  little	  impact	  on	  
the	  results.	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Figure 21: Optimal first-epoch network design under ‘Integrated’ for scenario 1 (top left) and 
scenario 4 (top right). Optimal first-epoch network design under ‘Min-max Integrated’ 
(bottom). 
For example, in the min-max planning process the model chooses to adopt an optimistic 
stance towards future wind developments in clusters 13 and 23 (in the Irish Sea) and builds 
an offshore-offshore link between them, similar to what is proposed by the scenario 1 
network. Note that the scenario 4 network does not include this investment due to the 
expectation that only small amount of wind will come online in those clusters in the future. 
This means that the benefit of this commitment is higher than the regret experienced if an 
adverse outcome occurs; in other words a risk-averse stance entails a disproportionately high 
opportunity cost. 
 
In a similar manner, some commitments suggested by the ‘Min-max Integrated’ model are 
also encountered in the low-deployment scenarios; this is the case when the model chooses a 
conservative stance against some of the riskier projects. For example, the line connecting UK 
- France via offshore clusters 8 and 28 is not built because under the low-deployment 
outcome. France has very limited offshore wind and there is little benefit in pre-emptively 
integrating these wind farms in an offshore multi-purpose corridor; the model hedges against 
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stranded costs and takes a conservative stance that can be corrected later on according to the 
eventual outcome. 
 
Most interestingly, there are some first-stage commitments that are not encountered in any of 
the scenario-specific optimal designs. As can be seen in more detail in Figure 22 (which is an 
enlarged representation of the area around the UK and France), the optimal first-stage 
decisions under the minimum regret approach includes an interconnection between the UK 
and Netherlands via an offshore-to-offshore cable that links offshore clusters 29 (East Anglia) 
and 15. 
 
  
 
Figure 22: Optimal first-epoch network design under ‘Integrated’ for scenario 1 (top left) and 
(top left) , scenario 4 (top right) and ‘Min-max Integrated’ (bottom) – zoomed in. 
 
This is an example of a commitment that is not seen under any of the scenario-specific 
optimal plans and is undertaken to provide flexibility under the envisaged uncertainty. More 
specifically, this flexibility-driven investment is chosen to enable exports from the large 
Dutch offshore cluster to the UK in the event that a low-wind scenario occurs. This can 
essentially be seen as a hedge against low-deployment scenarios, where the UK becomes a 
net importer, as discussed in section 4.1; a small commitment now that will prove valuable in 
subsequent epochs if scenarios 2, 3 or 4 occur. Note that commitments to enable similar 
transfers between the UK and Netherlands are also favoured under scenario 4 (Figure 22 – 
top right), but alternative power transfer routes are preferred due to the fact that cluster 29 
will not be built. 
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What follows is a regret analysis to compare how successful the first-stage commitments 
proposed by the different approaches are towards handling adverse outcomes. The regret of 
scenario-specific plans is investigated first. 
  
The aim of this type of analysis is to quantify the level of regret the system would experience 
if one scenario decision is followed and then another scenario materialises.  With this in 
mind, it is important to note that the regret experienced is essentially a quantification of the 
ill-conditioning that arises from the over or under-investment that takes place in the first 
epoch and the extent that this constrains or facilitates future investment decisions. For 
example, if large investments occur and a low-deployment scenario follows, the regret will 
principally be due to the constructed circuits that may eventually prove to be unnecessary. 
Note that these oversized circuits may be needed in future epochs, but a deferral of these 
commitments to the relevant epoch would have been a more optimal choice due to the effect 
of cost discounting. The worst case is that these oversized links are never needed and the 
relevant capital expenditure is fully stranded. On the other hand, if only small investment 
occurs and a high-deployment scenario follows, the regret will principally be due to curtailed 
wind as well as foregone cross-border trade opportunities.  
 
In addition, a similar analysis is undertaken for the ‘Min-max Integrated’ network, which is a 
common first-stage investment plan for both scenarios 1 and 4; no scenario-specific 
distinction exists as is the case for the scenario-specific plans. Results of the regret analysis 
are shown in Figure 23. 
 
 
Figure 23: Regret Analysis – ‘Min-max Fully Integrated’ policy choice. 
 
As shown above, if the scenario 1 network is built in the first epoch and scenario 1 actually 
occurs, then by definition there is no regret since the optimal investment decisions have been 
made. However, if scenario 4 materializes instead, then the system would experience a regret 
of €2bn, largely due to unnecessary overinvestment in corridors that are not needed. In other 
words, the system is capable of re-adjusting the plan to fit the low-deployment scenario, but 
incurs an extra cost of €2bn. At the opposite end, if the model chooses to plan the system for 
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scenario 4 and scenario 1 materialises, there will be significant costs mainly due to the 
inability to export offshore wind to the mainland grids. The clusters will eventually be 
integrated in the system since their isolation entails very substantial curtailment costs, but this 
can only be resolved after a five-year delay. It is worth noting that the regret in terms of 
network investment is negative, meaning that by following the scenario 4 network plan, the 
system stands to benefit in terms of capital expenditure (when compared to having followed 
the scenario 1 network plan). However, this cannot be considered in isolation; these small 
savings in terms of capital expenditure give rise to a very significant increase of operational 
costs. More specifically, the net regret sums up to €33.1bn, rendering scenario 4 the worst 
available choice to the planner when deciding which first-stage commitments to undertake. 
As expected, the performance of first stage commitments suggested by the scenario 2 and 3 
networks lie between the two extremes. Most importantly, both networks again lead to 
significant levels of wind curtailment but the maximum regrets are substantially lower than 
scenario 4; €3.6bn and €13.4bn respectively14. The minimum-maximum regret is achieved by 
the ‘Min-max Integrated’ network that is capable of identifying the first stage commitment 
that most flexibly adapts to different levels of offshore wind deployment.  
 
This analysis demonstrates that it is preferable to over-design the grid in the first stages in 
anticipation of a potentially-large rollout of offshore wind rather than taking a conservative 
stance in anticipation of a low-offshore wind future. This is because the potential delays in 
connecting offshore wind farms may be very costly. This is due to the fact that the 
curtailment costs that will arise in the event that more-than-projected wind is built are 
substantially higher than the potential cost of stranded assets. In other words, it may be 
preferable to marginally over-invest and run the risk of stranded costs than under-invest and 
delay the connections, and considerably constrain the available wind energy output. Although 
this finding would  vary considerably depending on the assumptions made on possible 
scenarios, the structure of uncertainty resolution (i.e. the scenario tree structure), and the 
extent to which economies of scale are exploitable, the cost of wind curtailment is bound to 
be one of the key driving factors in this anticipation problem. Note the min-max regret would 
be applied in a rolling-planning framework, so that this exercise will be repeated in every 
planning epoch, which in this study is 5 years.   
Minimum	  Regret	  -­‐	  Proactive	  
A similar analysis is undertaken for the ‘Proactive’ policy choice15. As before, we first 
present and compare the optimal first-epoch commitments under the scenario-specific and 
min-max modelling paradigms, shown in Figure 24.  
 
                                                      
14	  In	  practice,	  these	  costs	  would	  be	  smaller	  as	  the	  delays	  in	  connection	  could	  be	  resolved	  in	  less	  than	  the	  
epoch	  duration.	  	  
15	  This	  exercise	  is	  carried	  out	  assuming	  uncertainty	  in	  the	  volume	  of	  offshore	  wind	  to	  be	  connected,	  as	  in	  the	  
case	  above.	  This	  enables	  direct	  comparison	  of	  the	  two	  cases,	  although	  we	  recognise	  that	  uncertainty	  in	  
integrated	  resources	  planning	  would	  be	  generally	  lower.	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Figure 24: Optimal first-epoch network design under ‘Proactive’ for scenario 1 (top left) and 
(top left) , scenario 4 (top right) and ‘Min-max Proactive’ (bottom). 
 
Inspection of the figures above reveals that the first-commitments suggested by the min-max 
model are fundamentally different to the plans obtained under scenario-specific optimization. 
More specifically, we see several offshore-to-offshore links being constructed to integrate 
offshore wind while enabling further cross-border transfers between Germany, Sweden and 
Denmark as well as between the UK with Netherlands and Belgium. Note that these links 
integrate offshore clusters (i.e. clusters 1, 5, 11, 21, 26 and 29) that are bound to have some 
wind resources under all scenarios; this means that adverse scenarios will not result in 
excessive asset stranding. 
  
The regret analysis for the scenario-specific and min-max network shown in Figure 25 can 
assist us in explaining the min-max investment recommendations. 
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Figure 25: Regret Analysis – ‘Min-max Proactive’ policy choice. 
As Figure 25 shows, the main pattern identified in the ‘Integrated’ min-max study persists; 
namely, the regret associated with over-building the network is significantly lower than the 
regret associated with under-building the network due to very significant curtailment costs 
associated with high(er) wind scenarios. However, what is important to highlight is that under 
the ‘Proactive’ policy choice, regrets are substantially more significant than in the 
‘Integrated’ case. For example, the maximum regret for the scenario 4 network is about 
€10bn higher under ‘Proactive’. These large figures are not surprising since the main 
advantage of having a ‘Proactive’ policy choice is co-optimization of generation and network 
assets. However, one complication of such an approach is that when the planner optimizes 
deployment patterns for some given offshore wind volume, a larger variation arises between 
different scenarios. Consider the very material difference in deployment patterns that exists 
between scenarios 1 and 4 under ‘Proactive’, as discussed in section 2; low-volume-target 
scenarios prefer to focus wind deployment in the areas of UK, Netherlands and Denmark, 
while the high-volume-target scenario also builds significant amounts of wind in Germany in 
the first epoch (as described in Section 2). The differences with respect to wind deployment 
location are far less pronounced when considering exogenous generation development.  
 
The offshore-offshore links proposed by the min-max model serve to hedge specifically 
against scenarios 2, 3 and 4; i.e. the possibility for a wind rollout concentrated in the UK, 
Netherlands and Denmark. For example, the link connecting clusters 4 and 12 is built so that 
in case of a low-deployment scenario materializing (where cluster 12 will have very little 
wind and its associated offshore-onshore link to mainland Germany is essentially stranded), 
these assets can still be useful in enabling further cross-border trade between Germany and 
Denmark, thus significantly reducing the regret of this first-stage commitment. 
 
The two cases presented above indicate that it will be beneficial to design the grid on the 
basis of minimising the maximum regret that can emerge given a range of potential future 
scenarios. This effectively retains the option of pursuing a wide range of future offshore wind 
deployment scenarios at least additional cost to consumers. This analysis illustrates how the 
min-max approach involves the development of assets that create future options and are not 
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built under any single scenario optimisation. We observe that the savings of applying min-
max regret could be between €1bn and €5bn, even if significant volumes of offshore wind fail 
to materialise. 
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5 Policy	  Implications	  	  
 
The analysis carried out in this report aimed at quantifying the benefits of a strategic versus 
incremental approach to connecting offshore wind generation, under different offshore wind 
generation deployment scenarios and different levels of EU market integration. This is 
important particularly against the background of significant uncertainties associated with the 
future offshore wind generation deployment scenarios, but also with the development of 
policy and market frameworks for offshore grid development. Specifically, this study 
quantified the benefits of coordination within offshore clusters considering the importance of 
the economies of scale, but also across offshore clusters through integrating offshore network 
and interconnection development. As the significance of a strategic (versus present 
incremental) approach to integrating North Seas offshore wind will depend on the level of 
wind generation deployed, studies are carried out across four future scenarios. One particular 
area of interest was to explore the significance of the interaction between offshore grid and 
interconnection among North Sea countries and assess the benefits of offshore grid taking the 
role of interconnection. In the context of uncertainty, this study investigated the extent to 
which strategic infrastructure investment decisions may deliver sufficient flexibility to 
accommodate various future wind development scenarios through keeping options open for 
facilitating multiple network designs that are not overly constrained by the network design 
selected in earlier years. This is important as the order in which the infrastructure is built out 
may either close down or open up options for future development.  
In this context, the presented analysis aimed at informing the development of policy 
regarding the coordination of investment in offshore grid and interconnection and stimulate 
development of new regulatory and market approaches that would facilitate strategic and 
coordinated network planning and investment under uncertainty associated with low carbon 
technology deployment aimed at achieving the European decarbonisation targets. This may 
be particularly relevant, as growing interest in offshore wind is opening opportunities for 
transmission projects that cut across individual transmission regimes, i.e. on-shore, offshore 
and interconnection. In this context, this study should facilitate the evolution of the policy, 
regularity and market frameworks to enable development of multi-purpose transmission 
projects16, which would require resolution of considerable legal and licencing issues. The 
analysis also demonstrates the opportunity for industry stakeholders, including major 
technology suppliers, to provide standardised technology and solutions that will enable cost 
effective delivery of a future North Seas grid infrastructure. The strategic and integrated 
planning and operation of the North Seas grid region presents the opportunity to robustly 
deliver policy objectives at a vastly reduced cost compared to the current incremental and 
member state centric approaches. These potential advantages should not be ignored and it 
must be a high priority for policy makers around the North Seas to consider how these 
benefits can be realised. 
 
 
                                                      
16	  Examples	  include	  offshore	  wind	  farms	  connecting	  to	  interconnectors	  and	  the	  development	  of	  meshed	  
offshore	  grids	  that	  would	  also	  potentially	  increase	  onshore	  network	  boundary	  capacities	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